Listeriolysin O (LLO), a major virulence factor of Listeria monocytogenes, is a member of the cholesteroldependent cytolysin family and plays important roles not only in survival of this bacterium in phagocytes but also in induction of various cellular responses, including cytokine production. In this work, we examined the involvement of LLO in induction of the cytokine response in intestinal epithelial cells, the front line of host defense against food-borne listeriosis. Infection of Caco-2 cells with wild-type L. monocytogenes induced persistent expression of interleukin-6 (IL-6) mRNA. In contrast, IL-6 expression was observed only transiently during infection with non-LLO-producing strains.
Listeria monocytogenes is a gram-positive, facultative, intracellular parasitic bacterium which causes food-borne listeriosis in humans (11, 13) . L. monocytogenes invades and multiplies within the cytoplasm of various types of cells, including macrophages, epithelial cells, hepatocytes, and fibroblasts (12, 61 ). An array of virulence factors have been reported to support the intracellular parasitism of L. monocytogenes at various steps, including invasion of cells, escape from the endosomal compartment, utilization of a cytosolic nutrient source, and cellto-cell spread (4, 61) . Listeriolysin O (LLO), a 56-kDa protein encoded by the hly gene, is a member of the cholesteroldependent cytolysin family and plays an essential role in escape from phagosomes, because a mutant strain lacking the hly gene is avirulent, incapable of escaping from phagosomes, and killed by host phagocytes (5) .
In listeriosis, L. monocytogenes is thought to invade the host via intestinal epithelial cells. Based on this assumption, the Caco-2 cell line, a human intestinal epithelial cell line, has been used widely as a model for L. monocytogenes infection in vitro (8, 26, 33) . Caco-2 cells express E-cadherin, which mediates the internalization of L. monocytogenes into cells as the receptor for bacterial internalin A (33) .
Cytokines play a pivotal role in the resistance against L.
monocytogenes infection (40) . Gamma interferon is one of the most effective cytokines that enhance the bactericidal activity of macrophages (29) . However, in the case of Caco-2 cells, it has been reported that interleukin-6 (IL-6) induces antilisteria activity that is stronger than that induced by gamma interferon through induction of inducible nitric oxide synthase and an unknown mechanism(s) (48) . Furthermore, IL-6 induced the activation of NF-B in Caco2-BBE cells and resulted in the expression of intracellular adhesion molecule 1, which plays an important role in inflammation through some form of leukocyte-epithelial cell adhesion (62) . These observations imply that IL-6 plays an essential role in the intestinal barrier in an autocrine or paracrine manner, because one previous report showed that L. monocytogenes induced the expression of IL-6 in human colon intestinal epithelial cells (25) and another study in which the microarray technique was used showed that there was up-regulation of IL-6 expression in L. monocytogenes-infected Caco-2 cells (2) .
LLO plays crucial roles not only in the survival of L. monocytogenes inside phagocytes but also in the activation of macrophages, endothelial cells, and epithelial cells to secret cytokines and chemokines and to express adhesion molecules (27, 28, 45, 59, 65) . In this study, we examined the involvement of LLO in IL-6 expression in Caco-2 cells during L. monocytogenes infection in vitro. We found that wild-type L. monocytogenes induced persistent IL-6 production in Caco-2 cells, whereas non-LLO-producing strains induced only transient IL-6 expression. The involvement of LLO in persistent IL-6 g/ml. To inhibit the cytolytic activity, rLLO was treated with 10 g/ml of cholesterol for 30 min on ice (45) .
Detection of LDH release. Culture supernatants were collected, centrifuged at 200 ϫ g for 5 min, and transferred to new tubes. Lactate dehydrogenase (LDH) activity was measured using an LDH cytotoxicity detection kit (TaKaRa BIO Inc., Shiga, Japan). The percentage of LDH release was calculated by using the following formula: percentage of release ϭ 100 ϫ (experimental LDH release Ϫ spontaneous LDH release)/(maximal LDH release Ϫ spontaneous LDH release). To determine the maximal LDH release, Caco-2 cells were treated with 1% Triton X-100.
WST-1 assay. To measure the percentage of surviving cells, 2-(4-iodophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium (WST-1) (DOJINDO, Kumamoto, Japan) was used. Caco-2 cells were seeded into 96-well microplates (5 ϫ 10 4 cells/100 l culture medium/well), grown for 24 to 48 h, and stimulated with rLLO or rLLO W492A for 3 h. Then 20 l of WST-1 reagent (HEPES, pH 7.4, 0.2 mM 1-methoxy-5-methylphenazinium methyl sulfate, 5 mM WST-1) was added to cell culture and incubated for 30 min. Supernatants were transferred to new 96-well microplates, and the absorbance at 450 nm was determined. The percentage of surviving cells was calculated by using the following formula: percentage of surviving cells ϭ 100 ϫ (experimental optical density Ϫ cell-free optical density)/(untreated optical density Ϫ cell-free optical density).
Luciferase assay. HEK293 cells were seeded into 24-well plates (10 5 cells/ well), incubated overnight, and transfected with 0.9 g of pNF-B-luc (Stratagene, La Jolla, Calif.) and 0.1 g of pRL-SV40 (Promega, Madison, Wis.) using the PolyFect transfection reagent (QIAGEN) according to the manufacturer's instructions. Cells were cultured for 18 h and stimulated with rLLO or rLLO W492A for 6 h, and then the cells were lysed with passive lysis buffer (Promega) and the luciferase activity was measured using the dual-luciferase reporter assay system (Promega) and a Wallac 1420 ARVOsx multilabel counter (Amersham Biosciences, Piscataway, N.J.).
Intracellular Ca 2؉ measurement. The intracellular Ca 2ϩ concentration was determined by microfluorometry using 1-(2-[5Ј-carboxyoxazol-2Ј-yl]-6-aminobenzofuran-5-oxy)-2(2ino-5Ј-methyl-phenoxy)ethane-N,N,NЈ,NЈ-tetraacetic acid, pentaacetoxy methyl ester (Fura 2-AM) (Molecular Probes) and the ARGUS-50/CA system (Hamamatsu Photonics, Japan). Caco-2 cells on coverslips were treated with 2 M Fura 2-AM for 3 h and washed twice with HEPES, pH 7.2. Measurements were performed in HEPES (pH 7.2) with or without 1 mM CaCl 2 .
Ca 2؉ chelator and Ca 2؉ channel inhibitors. 1,2-bis(2-Aminophenoxy)ethane-N,N,NЈ,NЈ-tetraacetic acid tetrakis(acetoxymethyl ester) (BAPTA-AM) (Sigma Aldrich, St. Louis, Mo.) was dissolved in dimethyl sulfoxide and used at a final concentration of 5 or 10 M. NiCl 2 (Sigma Aldrich) was dissolved in PBS and used at a final concentration of 50 M. Verapamil (Sigma Aldrich) was dissolved in ethanol and used at a final concentration of 10 M.
Statistical analysis. The statistical significance of the data was determined by Student's t test or Fisher's protected least-significant-difference test, and a P value of Ͼ0.05 was considered significant.
RESULTS
Requirement for LLO for persistent IL-6 expression in L. monocytogenes-infected Caco-2 cells. To examine the role of LLO in the induction of a cytokine response in intestinal epithelial cells, Caco-2 cells were infected with various strains of L. monocytogenes, including virulent wild-type strain EGD (L. monocytogenes wt), an isogenic strain producing inactive LLO protein (hly mutant), and strain ATCC 15313, which lacks the genomic region that includes plcA, hly, and part of the prfA promoter, and the expression of IL-6 mRNA was analyzed by RT-PCR. All the strains induced expression of IL-6 in Caco-2 cells 1 h after infection (Fig. 1A) . The expression of IL-6 mRNA induced by the non-LLO-producing strains (the hly mutant and ATCC 15313) disappeared by 5 h after infection, whereas the expression induced by L. monocytogenes wt lasted for over 5 h (Fig. 1A) . It was found that IL-6 mRNA was still expressed even 7 h after infection with L. monocytogenes wt (data not shown). This result suggested that LLO was involved in the persistent and/or late-phase expression of IL-6 in L. monocytogenes-infected Caco-2 cells.
LLO is not an essential requirement for invasion of Caco-2 cytoplasm by L. monocytogenes. LLO is known to play an essential role in the escape of L. monocytogenes from phagosomes into the cytosolic space inside professional phagocytes (52) . We compared the intracellular growth of L. monocytogenes wt, the hly mutant, and ATCC 15313 in Caco-2 cells. L. monocytogenes wt was very capable of intracellular growth, as expected, but ATCC 15313 was not able to grow inside Caco-2 cells at all (Fig. 1B) . Although there has been a report that an hly mutant hardly lysed the phagocytic vacuole in Caco-2 cells (42), the hly mutant used in this study showed significant intracellular growth. This finding was consistent with recent reports showing that non-LLO-producing strains are able to invade the cytoplasm in some types of human cell lines (22, 47) .
A virulent strain of L. monocytogenes is known to induce host actin filament nucleation, followed by the formation of a tail-like structure called the actin tail or comet tail after invasion of the host cytoplasm (61) . Caco-2 cells infected with each strain were stained with fluorescent phalloidin to visualize the actin tail. Both L. monocytogenes wt and the hly mutant were capable of forming an actin tail in Caco-2 cells (Fig. 1C) , whereas ATCC 15313 did not form an actin tail (data not shown). The proportions of cells with a visible actin tail 5 h after infection were 42.5% Ϯ 4.04% and 29.3% Ϯ 3.21% for the Caco-2 cells infected with L. monocytogenes wt and with the hly mutant, respectively. Thus, the escape of the hly mutant in Caco-2 cells was confirmed morphologically. Taking these observations into consideration, it appeared that the difference in IL-6 expression shown in Fig. 1A was not due to the difference in evasion of the phagocytic vacuole.
Next, we wanted to confirm the difference in IL-6-inducing ability between L. monocytogenes wt and the hly mutant by using quantitative real-time RT-PCR. Although both strains exhibited intracellular growth in Caco-2 cells, there was a significant difference in the intracellular bacterial burden when the same number (5 ϫ 10 6 CFU) of bacteria was employed. To overcome this difference, we changed the dose of the hly mutant and found that a fivefold increase in the amount of the hly mutant (2.5 ϫ 10 7 CFU) resulted in a similar level of intracellular growth (Fig. 1B) . Under these experimental conditions, it was observed that the expression of IL-6 in Caco-2 cells infected with the hly mutant was only transient (Fig. 1D) , a finding consistent with the results shown in Fig. 1A . When cytochalasin D was added to the culture, the number of CFU of L. monocytogenes wt in Caco-2 cells was significantly reduced, to less than 5% of the number of intracellular CFU in the absence of cytochalasin D (data not shown). Cytochalasin D treatment almost completely abolished the late-phase expression of IL-6 (Fig. 1D) . These results clearly indicated that both bacterial invasion of the cells and the presence of LLO are necessary for the induction of persistent and/or late-phase expression of IL-6 in L. monocytogenes-infected Caco-2 cells and that just bacterial invasion is not sufficient. LLO-induced IL-6 production in Caco-2 cells is dependent on membrane permeation at sublytic doses of LLO. To determine the direct effect of LLO on IL-6 expression in Caco-2 cells, we constructed rLLO and stimulated the cells at different concentrations. LLO is known to form ring-or arc-shaped pores in the membrane, and this activity is completely blocked by cholesterol (24) . We confirmed by electron microscopy that the full-length rLLO used in this experiment caused formation of numerous membrane pores in sheep erythrocyte ghosts under appropriate conditions (data not shown). A high level of IL-6 expression was observed in Caco-2 cells stimulated with a low dose (1 to 4 nM) of rLLO ( Fig. 2A) , but there was a decline in the IL-6 mRNA level when the stimulation dose was more than 8 nM (data not shown). Treatment of rLLO with cholesterol that abolished the pore-forming activity resulted in a complete loss of IL-6-inducing activity ( Fig. 2A) . We constructed a mutant LLO protein, rLLO W492A , by using a singleamino-acid substitution believed to impair the cytolytic activity (39) . This mutant LLO protein was not able to induce IL-6 expression in Caco-2 cells (Fig. 2A) . These results suggested that the formation of pores in the cell membrane was essential for the induction of IL-6 expression after stimulation with LLO.
Transcription factor NF-B is a central regulator of IL-6 gene expression (35, 49 ). We next examined the level of NF-B activation by using HEK293 cells transfected with a reporter vector, as it was difficult to determine the level of NF-B in Caco-2 cells. NF-B activation was induced only by a limited range of doses of rLLO (2 and 4 nM), and rLLO W492A never induced NF-B activation at the range of doses examined in this study (Fig. 2B) .
LLO induces IL-6 production in Caco-2 cells at sublytic doses. Because the IL-6 production induced by LLO appeared to be dependent on the pore-forming activity of LLO, we next examined the dose dependence of the cytolytic effect of LLO on Caco-2 cells. In this experiment, the amount of LDH released from cells indicated the level of cytolysis. LDH release from Caco-2 cells was induced by treatment with rLLO in a dose-dependent manner, whereas treatment with rLLO W492A did not result in LDH release (Fig. 3A) . At the dose of rLLO that induced cytokine production (1 to 4 nM), release of 10 to 40% of the LDH was observed (Fig. 3A) . Next, we measured the percentage of surviving cells after LLO treatment by using the WST-1 assay. Treatment with rLLO decreased the viability of cells in a dose-dependent manner. Notably, over 80% of the cells were still alive after treatment with a cytokine-inducible dose of rLLO, although 8 nM LLO decreased the level of surviving cells to about 40% (Fig. 3B) . From these results, it became clear that LLO induced the production of IL-6 only at the sublytic doses.
LLO-formed pore mediates Ca 2؉ influx and leads to Ca 2؉ -dependent IL-6 production. It has been reported that an LLOformed pore is Ca 2ϩ permeable and leads to intracellular Ca 2ϩ oscillation in HEK293 cells (53) . Since the intracellular Ca 2ϩ ([Ca 2ϩ ] in ) acts as the second messenger and intracellular Ca 2ϩ oscillation modulates cellular signaling and gene expression (7, 17, 60) , the involvement of Ca 2ϩ in LLO-induced IL-6 expression was examined. The concentration of [Ca 2ϩ ] in inside Caco-2 cells increased immediately after treatment with 1 nM rLLO, and this effect lasted over 15 min (Fig. 4A) . However, no significant increase in the [Ca 2ϩ ] in concentration was observed in rLLO W492A -treated Caco-2 cells, and the effect of 1 nM rLLO W492A on [Ca 2ϩ ] in was less than that of 0.1 nM rLLO (Fig. 4A) . Furthermore, the absence of Ca 2ϩ influx after treatment with rLLO under extracellular Ca 2ϩ -free conditions suggested that LLO-induced Ca 2ϩ influx was not due to the release from intracellular Ca 2ϩ stores (Fig. 4A) . Pretreatment of cells with BAPTA-AM, an intracellular Ca 2ϩ chelator, inhibited the expression of IL-6 induced by rLLO stimulation (Fig.  4B) . Consistent with this observation, pretreatment with BAPTA-AM significantly reduced the activation of NF-B after stimulation with rLLO, whereas the Ca 2ϩ channel inhibitors NiCl 2 and verapamil did not affect the response (Fig. 4C) . Therefore, it could be concluded that Ca 2ϩ influx mediated by LLO-formed pores resulted in the activation of an intracellular signaling cascade and subsequent IL-6 production.
LLO secreted by cytoplasmic L. monocytogenes acts on the host cell membrane. The expression of LLO has been reported to be up-regulated after invasion of the cytoplasm by L. monocytogenes (41) . We examined the effect of LLO secreted by cytoplasmic L. monocytogenes on Caco-2 cells. To determine the cytolytic activity exhibited by the LLO produced in the cytoplasm, LDH release from L. monocytogenes-infected 
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Caco-2 cells was assayed. Significant LDH release was observed at 5 h after infection with L. monocytogenes wt, but not after infection with strains that were not capable of producing LLO, including the hly mutant, a fivefold-higher dose of the hly mutant, and ATCC 15313. Cytochalashin D pretreatment also inhibited LDH release from L. monocytogenes wt-infected Caco-2 cells (Fig. 5A ). This result indicated that LLO but not other virulence factors secreted by cytoplasmic L. monocytogenes was critical for the integrity of the host cell membrane. There was no significant difference in cell morphology as determined by phase-contrast microscopy between Caco-2 cells infected with L. monocytogenes wt for 5 h and uninfected Caco-2 cells (data not shown). Thus, the results suggested that LDH release induced by L. monocytogenes wt infection was due to incomplete membrane damage in most of the infected cells rather than to the death (complete cytolysis) of a limited number of cells. This might have been the result of actin tail-mediated spread of L. monocytogenes to neighboring cells (61) . To confirm the involvement of cytoplasmic LLO in the influx of extracellular molecules, Caco-2 cells were infected with L. monocytogenes wt or the hly mutant and cultured in medium containing 5 or 50 g/ml of gentamicin, and then the number of intracellular bacteria was determined. In a preliminary experiment, we were convinced that the susceptibility to gentamicin in vitro was the same for both the L. monocytogenes wt and hly mutant strains. The intracellular growth of the hly mutant was not affected even in the presence of 50 g/ml of gentamicin (Fig. 5B) , while the number of intracellular L. monocytogenes wt cells was decreased by the treatment with 50 g/ml of gentamicin (Fig. 5B ). This result indicated that the pores formed in the host cell membrane by cytoplasmic LLO mediated the influx of extracellular molecules, including Ca 2ϩ . Because LLO secreted by cytoplasmic L. monocytogenes, like extracellularly added rLLO, appeared to act on the host cell membrane, we next examined the possible involvement of Ca 2ϩ in the persistent and/or late-phase expression of IL-6 by L. monocytogenes infection. It has been reported that EGTA, but not BAPTA-AM, inhibits the invasion of Hep-2 epithelial cells by L. monocytogenes (9) , so BAPTA-AM was employed in this experiment. Treatment of cells with BAPTA-AM never affected the invasion and intracellular growth of L. monocytogenes wt (data not shown). When Caco-2 cells were pretreated with BAPTA-AM, the L. monocytogenes wt-induced IL-6 expression at 5 h was almost completely abolished, whereas expression at 1 h was still observed, although the level was reduced ( Fig. 5C) , indicating that the expression of IL-6 in the late phase of the infection was critically dependent on Ca 2ϩ , whereas the expression in the early phase of the infection was induced through both Ca 2ϩ -dependent and -independent mechanisms. These results suggested that the persistent IL-6 expression during L. monocytogenes infection was dependent on Ca 2ϩ influx mediated by the membrane pores formed by cytoplasmic LLO.
DISCUSSION
In this study, the involvement of LLO in the cytokine response of L. monocytogenes-infected Caco-2 cells was examined. We found that there was a significant difference in the magnitude and persistence of IL-6 induction between wildtype L. monocytogenes and non-LLO-producing strains. Our results suggested that the IL-6 expression in the early phase of infection is rather LLO independent but that the IL-6 expression in the late phase of infection is highly LLO dependent. Furthermore, LLO exerted its effect on the Caco-2 cell membrane from both the intracellular and extracellular milieus to form Ca 2ϩ -permeable pores and to induce Ca 2ϩ -dependent IL-6 expression. These findings suggested that persistent expression of IL-6 in L. monocytogenes-infected Caco-2 cells is due to the formation of Ca 2ϩ -permeable pores by LLO. As the induction of IL-6 in the early phase of in vitro infection appeared to be independent of both the presence of LLO and bacterial invasion of cells and as L. monocytogenes contains many candidate molecules that stimulate the innate im- mune system, it is possible that the recognition of bacterial components through cell surface receptors was responsible for the IL-6 expression in the early phase. Lipoteichoic acid fraction II (LTA II) of L. monocytogenes has been reported to stimulate the NF-B pathway not only in P388D 1 macrophages but also in Caco-2 cells (19, 20) . Although Toll-like receptor 2 (TLR2), CD14, and scavenger receptor are known to be the potential cell surface receptors for LTA II (32, 58), how Caco-2 cells recognize LTA II is not known. Caco-2 cells are not responsive to TLR2 and TLR4 agonists due to the absence of TLR4 expression, the low level of expression of TLR2, TLR1, and TLR6, and the high level expression of the Toll inhibitory protein, Tollip (1, 38, 43) . On the other hand, Caco-2 cells express TLR5 and are responsive to a TLR5 ligand, flagellin, which is a component of bacterial flagella (10, 21, 36) . Although the expression of L. monocytogenes flagellin is temperature dependent and is shut off at 37°C (50), it has been reported that some laboratory-adapted strains and ϳ20% of clinical isolates remain able to stimulate the TLR5 pathway even at 37°C (63) . Thus, it is likely that the IL-6 expression in the early phase of infection was due to the recognition of LTA II and/or flagellin by Caco-2 cells. The persistent expression of IL-6 was induced only by L. monocytogenes wt, which evades endosomes and produces LLO, and not by the hly mutant, which evades endosomes but does not produce LLO. It is known that two listerial phospholipases, phosphatidylinositol-specific phospholipase (PI-PLC) and phosphatidylcholine-specific phospholipase (PC-PLC), are involved in the escape of L. monocytogenes from the endosomal compartment (18, 37, 57) , so the hly mutant may invade the cytoplasm of Caco-2 cells by using phospholipases even in the absence of functional LLO. A similar finding for the escape of an hly mutant into cytoplasm has been reported for some types of human cell lines (22, 47, 52) . The results obtained by using five times more hly mutant ruled out the possibility that the absence of persistent IL-6 expression in Caco-2 cells was simply due to the small number of bacteria in the cells. As L. monocytogenes wt and the hly mutant are isogenic except for the hly gene coding for LLO, it was conceivable that LLO and not other components were responsible for the difference in the persistence of IL-6 expression. A bacterium-sensing system mediated by Nod1 or Nod2 is known to be present in mammalian cell cytoplasm (54) . Nod1 and Nod2 recognize peptidoglycan (PGN) components (␥-Dglutamyl-meso-diaminopimelic acid and muramyldipeptide, respectively), which results in the activation of NF-B (3, 14, 15) . Induction of IL-6 in Caco-2 cells was reproduced by stimulation with rLLO. Experiments using cholesterol-treated rLLO and rLLO W492A showed that the pore-forming activity of LLO was essential for induction of IL-6. However, IL-6 expression was induced only when Caco-2 cells were treated with sublytic doses of rLLO and not when the cells were treated with higher doses, resulting in complete cell destruction. Among the host cell responses linked to the formation of membrane pores, Ca 2ϩ influx was the greatest possibility (53) . Our data demonstrated clearly that a membrane pore formed by LLO was Ca 2ϩ permeable and induced Ca 2ϩ -dependent IL-6 expression. Although involvement of [Ca 2ϩ ] in as the second messenger in modulation of the signal transduction pathway and gene expression has been reported (17), the detailed mechanism of Ca 2ϩ -dependent IL-6 induction has not been elucidated yet. LLO is known to induce phosphoinositide metabolism, resulting in the generation of inositol phosphates and diacylglycerol (DAG), probably through the activation of a host phospholipase(s) (55, 56) . Therefore, a signaling pathway following activation of Ca 2ϩ -dependent protein kinase C (PKC) by [Ca 2ϩ ] in and DAG may contribute to the IL-6 expression induced by LLO and L. monocytogenes infection. Indeed, we obtained preliminary results which showed that pretreatment with GF-109203X, a specific PKC inhibitor, significantly reduced the level of NF-B activation induced by rLLO (data not shown). In addition, Ca 2ϩ influx mediated by LLO-dependent pores may lead to host PC-PLC activation to generate DAG, because the activity of the phospholipase is critically dependent on Ca 2ϩ (46, 51) . Moreover, as PI-PLC and PC-PLC secreted by intracellular L. monocytogenes are enzymatically active and participate in the generation of DAG (57), it is possible that DAG generated by these listerial phospholipases also works on activation of Ca 2ϩ -dependent PKC and persistent IL-6 expression in L. monocytogenes-infected Caco-2 cells under LLO-induced Ca 2ϩ influx conditions. A report indicating that PI-PLC and PC-PLC were necessary for persistent activation of NF-B in L. monocytogenes-infected macrophages may support this idea (20) .
If the expression of IL-6 in the late phase of infection reflected the IL-6-inducing activity of LLO, LLO should have exerted its effect inside the cells. Indeed, in the present study, LLO secreted by cytoplasmic L. monocytogenes appeared to act on the host cell membrane from the intracellular milieu, since LDH release and gentamicin influx were observed only after infection with an L. monocytogenes strain producing active LLO. LLO contains a PEST-like sequence located close to the N terminus, and this motif was shown to be possibly involved in the rapid degradation of LLO in the cytoplasm (6, 34) . Moreover, an acidic pH in the phagosomal compartment is better than a neutral pH in the cytoplasm for cytolytic activity of LLO (16) . These characteristics of LLO are thought to be the mechanisms that prevent severe damage to host cells, the "nest" for L. monocytogenes. However, LDH release was reportedly observed from L. monocytogenes-infected macrophages, although the level was significantly lower than the level of release from macrophages infected with L. monocytogenes producing ⌬PEST-LLO or LLO L461T , a mutant LLO which is active at neutral pH (6, 16, 34) . These findings suggest that the pore-forming activity of LLO is not completely controlled in the cytoplasm. Therefore, it is likely that cytoplasmically secreted LLO exerted its activity on the host cell membrane at a certain level, causing Ca 2ϩ influx without inducing complete cell lysis. Our findings suggest a novel mechanism for the sensing of L. monocytogenes, an enteroinvasive pathogen, by intestinal epithelial cells. Although LLO is a major virulence factor of L. monocytogenes, LLO also triggers the recognition system in host cells. Thus, LLO may be a useful but risky tool for L. monocytogenes; it may be like a double-edged sword, and the host surveillance system may target this pathogen's indispensable weak points. Further analysis of the relationship between virulence factors and pathogen recognition by hosts should increase our understanding of the innate defense mechanisms against pathogens.
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